The aim was to produce a radiolabelled fibre suitable for long-term carcinogenesis studies. To this end, we have successfully synthesised erionite fibres by a method adapted to incorporate 57 Co into the crystal framework. Morphologically the fibres are straight, of median length 2.5 |xm, with 11% of fibres >8 |xm long, and median width 0.32 |xm. These values are comparable to natural Oregon erionite. Autoradiography confirmed that the 57 Co was associated with the fibres themselves. The stability of the radiolabel in vivo was examined by instilling 1 mg of synthetic erionite into the lungs of F-344 rats. About half of the thoracic content of 57 Co was cleared in the first week, and over the following 5 weeks the remainder was cleared slowly with a half-time of 120 days. After 6 weeks the urinary excretion of 57 Co was only 0.054% of the initial lung content per day. This represented fibre dissolution plus any leaching of S7 Co from the fibres. It can be concluded that the 57 Co is bound into the erionite fibres with sufficient stability in vivo for studying their effects in relation to translocation to the pleura.
INTRODUCTION
In studies of the effects of mineral fibres on the mesothelium in vivo, it has always been difficult to relate these effects to the tissue distribution of the fibres, especially to the time course of fibre translocation towards the pleura. A radiolabelled preparation clearly has value for long-term studies, provided that the label remains bound to the fibres and that suitable autoradiographs can be obtained.
One approach used in the past was neutron activation of natural asbestos and a synthetic analogue (Evans et al., 1973; Morgan et al., 1975 Morgan et al., , 1978 , but one limitation of this technique was that the radionuclides produced were dictated by the elemental composition of the fibres themselves. In the case of crocidolite the dominant radionuclide was 59 Fe, which gave rise to high energy P-particles that permitted autoradiography of lung sections only at low resolution. Also, there was a small but significant leaching of 59 Fe from crocidolite fibres in vivo, which was not completely cleared from the body. Some was found in the liver and other organs, but traces could also have been retained in lung tissue, e.g. in the ferritin that is found in alveolar macrophages even without iron loading (Wesselius et al., 1996) . Overall, however, neutron-activated crocidolite, amosite and anthophyllite fibres did not undergo extensive leaching of the different radionuclides produced, chiefly 59 Fe, 46 Sc and 51 Cr (Morgan et al, 1977) , in contrast to chrysotile which is known to be more soluble than the amphiboles. The manner of dissolution of chrysotile in acid solutions has been studied by comparing the rates of leaching of Mg and of the different neutron activation products (Morgan and Talbot, 1997) .
A different way of labelling mineral fibres arose from a series of studies on the synthesis of zeolite fibres that resemble erionite (Rood et al., 1997) . The chief advantage of this approach was that a radionuclide of choice could be incorporated into the fibres. We report here on the synthesis of erionite fibres containing 57 Co, which is ideal for tracer stud-366 G. Patrick et al. ies in vivo. While it was expected that the 57 Co would be incorporated in the crystal lattice, it was necessary to check for any significant leaching of the radiolabel from the fibres when in biological fluids or tissue. We have demonstrated that the label is sufficiently stable in the lung for use in long-term experiments.
MATERIALS AND METHODS

Synthesis and characterisation
Synthetic fibrous erionite was prepared by a method based on a Russian patent (Nikolina, 1981) , modified to incorporate cobalt labelled with 57 Co. To 30 ml of an aluminosilicate hydrogel was added 60 jj.1 carrier-free 57 CoCl 2 in 0.1 M HC1 (Amersham Pharmacia Biotech). This was heated for 60 h at 140°C in a PTFE-lined pressure vessel. After cooling the resulting preparation was centrifuged and washed four times with distilled water.
The fibres were labelled with only tracer levels of 57 Co: the specific activity was 0.75 MBq g~' of erionite. This was far below the level where consideration would have to be given to possible radiation effects in vivo.
Fibres were collected on 0.2-jj.m Nucleopore filters and examined by scanning electron microscopy. A total of 463 fibres in 11 representative fields were counted and sized. Fibres with aspect ratios < 3 were excluded. The bivariate distribution of fibre length and diameter was determined as described by Cheng (1986) .
Samples of the fibres were embedded in resin, sectioned and examined by transmission electron microscopy. Their elemental composition was assessed by energy-dispersive X-ray spectrometry. A sample of Oregon erionite was similarly prepared and analysed for comparison. 'Thick' (1.5 |0.m) sections of the synthetic fibres were also prepared for autoradiography (Dinsdale et al., 1991) and examined by energy-filtered transmission electron microscopy.
Intra-tracheal instillation
Seven Fischer-344 rats (Harlan UK Ltd, Bicester, Oxon) aged 14 weeks were used. Under halothane anaesthesia, through a small midline incision, a small temporary tracheostomy was made just below the thyroid with a 0.8-mm needle. A polyethylene cannula (0.96 mm outside diameter, Sims Portex Ltd, Hythe, Kent) was introduced so that its tip lay in the distal trachea, 20 mm below the tracheostomy.
The fibres were suspended in phosphate-buffered saline at 4 mg/ml, and ultrasonicated immediately before instillation. The rat was held at an angle of 60° to horizontal, and 0.25 ml suspension, containing 1 mg fibres labelled with 0.75 kBq 57 Co, was instilled into the lungs, followed by 0.2 ml air to assist quantitative transfer from the cannula. The rat was kept at a 60° angle while the cannula was removed, and the animal allowed to recover consciousness.
Immediately after instillation, and again at intervals over 6 weeks, the thoracic content was assayed for radioactivity in a small animal whole body counter. The rats were positioned between two 50 mm diameterx50 mm thick sodium iodide crystal detectors located close to each side of the thorax. It had been found previously that the detection efficiency of radioactivity in most of the abdominal cavity was less than 5% of the efficiency for 57 Co in the thorax. Counts were referenced to those from a phantom consisting of a suitably positioned horizontal 5 ml tube containing 57 Co.
Urine and faeces were collected by housing the animals in metabolism cages for days 0-7, 12-16 and 35^42. For each period the samples from each rat were pooled, then assayed for 57 Co in the whole body counter.
RESULTS
Fibre characteristics
This synthesis produced morphologically straight fibres ( Fig. 1) , as well as a small proportion by number of non-fibrous forms. At very high magnification a hexagonal fibre cross-section was demonstrated. Xray powder diffraction patterns (data not shown) showed the characteristic features of the natural mineral.
The size distribution of the fibres according to length and diameter is given in Fig. 2 . Both the length and width exhibited log-normal distributions when fitted separately. When fitted to a bivariate log-normal distribution, the maximum likelihood estimates (Cheng, 1986) were as follows: the median length was 2.5 |lm, with a geometric standard deviation (crj of 2.3. Twenty-two percent were longer than 5 |im. and 11% longer than 8 )im. The median diameter was 0.32 |im ((T g =2.3). The correlation coefficient between length and diameter was 0.74. The fibres were therefore comparable in size to natural Oregon erionite. for which the median length and diameter were found to be 1.37 |im (<7 g =2.4) and 0.17 |im (cr g =1.9) respectively. X-ray microanalysis of the synthetic fibres showed a remarkable consistency and a typical spectrum is shown in Fig. 3 . The elemental composition was as expected regarding Al, Si and K; the Co content was too low to measure. The composition was similar to the fibrous component of Oregon erionite, except that the latter contained a significant amount of Ca and was far less consistent. The Oregon erionite illustrated in Fig. 3 contained Fe; other fibres and nonfibrous components included small amounts of other minerals.
Examination of autoradiographs using transmission electron microscopy confirmed that the 57 Co was 2000 associated with the fibres themselves. By this technique Auger electrons are recorded and, given their range, the autoradiograph is consistent with all the 57 Co being located within the erionite (Fig. 4) . Relatively thick sections were needed to retain the fibres in place during examination, and so many of the (keV) Fig. 3 . X-ray microanalysis of synthetic erionite (solid area) compared to natural Oregon erionite fibre (line plot). The samples were mounted on titanium grids. Auger electrons were probably unable to reach the autoradiographic emulsion.
Retention and excretion
The thoracic content of 57 Co decreased over 0-6 weeks as shown in Fig. 5 . There were two phases: rapid clearance in the first week, followed by slow clearance. Accordingly the retention kinetics over this period were well fitted by the sum of two exponentials:
where /?=thoracic retention, /^percentage cleared rapidly, a and b are rate constants, and t=t\me. From the fitted curve, 54.9±0.8% of the activity was rapidly lost from the thorax, and 45.1±0.8% was cleared slowly, with a mean half-time of 120 days (rate constant b=0.0058±0.0008 d ').
The rates of urinary and faecal excretion are given in Fig. 6 , expressed as a fraction of the initial thoracic content. After a loss of 18.7% of the 57 Co via the urine in the first week, averaging 2.1±0.2% per day. the urinary excretion rate fell to 0.054±0.020% per day during the last week. The corresponding amount lost via the faeces during the last week was 0.020±0.013% per day. The fall in the combined excretion rates reflected the slower decrease in thoracic content in the latter part of the study.
DISCUSSION
The fundamental mechanisms underlying the induction of mesothelioma by mineral fibres are as yet unclear, despite numerous different types of approach and resulting hypotheses (Kane, 1996; Mossman et al., 1997; Jaurand, 1997) . One issue that has never been properly resolved is whether inhaled fibres must necessarily penetrate to the pleura and come into direct contact with mesothelial cells before they can become transformed (Bignon et al., 1994 : Oberdorster, 1996 Adamson, 1997; Everitt et al.. 1997) .
Using neutron-activated amphiboles it was first shown by Morgan et al. (1977) that fibres migrate from general lung parenchyma towards the sub-pleural region, in the opposite direction from alveolar macrophage-mediated clearance towards the conducting airways. Using direct fibre counting methods, others have subsequently detected fibres in the pleura, both in experimental animals (Rey et al., 1993 : Gelzleichter et al., 1996 Everitt et al., 1997; Choe et al, 1997) and in humans (Boutin et al., 1996) . However, the mechanism of translocation of inhaled fibres from the alveoli to the mesothelium is still not known.
The synthetic erionite fibres described in the present paper are intended to provide an improved tool for investigating fibre translocation from the lung to the pleura, and for relating this to direct effects on the mesothelium. We chose to label the fibres with 57 Co, which is useful for tracer studies because of its moderately long half-life of 270 days, and because it emits both gamma rays that allow external wholebody counting of the animal to determine the thoracic content, as well as short-range Auger electrons. The latter are ideal for high resolution autoradiography of tissue sections (Baker, 1989; Patrick et al., 1994) , and thus could be detected autoradiographically using transmission electron microscopy to confirm that the 57 Co was associated with the fibres themselves (Fig.  4) .
Our previous syntheses of unlabelled erionite produced high yields of fibres, typically 75%. The morphology of the fibres was straight and rod-like, similar to many samples of natural erionite fibres. The same morphology was observed in the present preparation (Fig. 1) , and the size distribution and elemental composition were also similar to those of Oregon erionite.
The retention of 57 Co in the thorax was measured to determine lung retention. Over 6 weeks very little fibre would be expected to be transported from the lungs to the mediastinal lymph nodes, thereby remaining within the thoracic cavity. Furthermore, as has been shown elsewhere (Bailey et al., 1989) , practically all the "Co that dissolves in the lung is promptly excreted from the body, which is advantageous for the interpretation of retention data with this radionuclide. Therefore the kinetics of thoracic retention (Fig. 5) provided a good indication of overall lung clearance.
Fibres are cleared from the lung by two mechanisms: transport by alveolar macrophages and mucociliary clearance, together with fibre dissolution. Fibres dissolve in the lung at very different rates depending on the nature of the fibres (Bernstein et al.. 1996rHesterberg et ah, 1996 Searl et al, 1999) . The other way in which "Co could be removed from the lung would be by leaching of the radiolabel from the fibres. Consequently the urinary excretion rate provided a measure of bulk fibre dissolution plus "Co leaching, and thus provided an upper limit for the rate of leaching. In the first week 18.7% of the "Co was lost via the urine, presumably representing a fraction of the label that was quickly lost from the fibres. Thereafter very little was lost: the daily excretion rate after 6 weeks was only 0.054% of the initial deposit, and might still be decreasing at that time. In any event, it can be concluded that, after the initial loss in the first week, the label was sufficiently stable for it to be used in long-term studies.
The faecal excretion of "Co essentially represented the removal of fibres from the lung by muco-ciliary clearance. The initial rate was high on account of the rapid removal by this means of fibres deposited in the conducting airways. After the first week this process would be practically complete, and subsequent faecal excretion would mainly represent removal of fibres deposited in the alveoli and alveolar ducts.
The overall conclusion from this study is that "Co has been successfully incorporated into synthetic erionite, and its long-term stability in the lung has been adequately demonstrated. This synthetic fibre, being similar to natural erionite in its structure, morphology, size distribution and elemental composition, is expected to produce mesothelioma in the rat. After chronic inhalation exposure of Fischer-344 rats to Oregon erionite, Wagner et al. (1985) observed a mesothelioma incidence of 96% (27/28), whereas rats similarly exposed to UICC crocidolite produced no mesothelioma and only 4% (1/28) lung tumours. Therefore synthetic erionite should be a useful model fibre for relating fibre translocation to subsequent pathogenesis. Finally, it is possible to vary the basic composition of the fibre, notably the Al and Si content (Nikolina, 1981; Rood et al, 1997) , which opens the way to studying the effects of specific changes in fibre chemistry on biological effects.
